ABSTRACT A study was conducted to evaluate the effects of varying nutrient density with constant ME:CP ratio on growing performance, carcass characteristics, and blood responses in 2 distinct broiler breeds of male chickens (Arbor Acres, a commercial line, and BeijingYou, a Chinese nonimproved line). Experimental diets were formulated with high, medium, or low nutrient densities for 3 growing phases. Starter diets (1 to 21 d) contained 23, 21, and 19% CP with 3,059, 2,793, and 2,527 kcal/kg of ME; grower diets (22 to 35 d) contained 21, 19, and 17% CP with 3,150, 2,850, and 2,550 kcal/kg of ME; and finisher diets (36 to 42 d for Arbor Acres and 36 to 91 d for Beijing-You) had 19, 17, and 15% CP with 3,230, 2,890, and 2,550 kcal/kg of ME. Male hatchlings (216 of each breed) were randomly assigned to 6 replicates of 12 birds in each treatment. Arbor Acres broilers had better (P < 0.001) BW gain, feed conversion ratio (FCR), and carcass yield, but had greater (P < 0.001) abdominal and carcass fat deposition. In both breeds, the higher nutrient density increased (P < 0.05) BW gain, protein efficiency ratio, and energy efficiency ratio while decreasing (P < 0.05) feed intake and FCR. The breed differences were increased for FCR, protein efficiency ratio, and energy efficiency ratio in the starter period and decreased for carcass chemical composition, respectively, by higher nutrient density. These findings indicate that 1) genetic improvement has a significant effect on broiler responses to dietary nutrient density, 2) performance differences between breeds are lessened with diets of low nutrient density, 3) carcass quality differences are less when birds were fed diets of high nutrient density, 4) carcass composition is hardly modified by nutrient density and both breeds exhibit similar metabolite responses to dietary concentrations, and 5) optimal diets are deduced for these breeds for the 3 growing phases.
INTRODUCTION
In current poultry production, a large proportion of meat-type chickens is processed when achieving a weight less than 2.0 kg. Generally, this sector of lightsized birds comprises 2 groups. One is the conventional commercial broiler grown only for 40 d or so. In the United States, this category can occupy around 30% of all slaughterings (Dozier et al., 2006) , which is mainly devoted to the fast-food industry for rotisserie-type products. In Asia, a second group called quality chickens comes from a variety of indigenous breeds that are usually reared for nearly 100 d. In China and some Southeast Asian countries, the market share of this class represents almost 50% of all meat-type birds (Wattanachant et al., 2005; Chen et al., 2008) and primarily serves the whole-bird business for luxury products. During the past decades, because consumer demand for white meat dominates the global market, poultry nutrition has been predominantly focused on increasing breast muscle yield of commercial birds, especially in the heavy-sized broilers for the production of cut-up and further-processed products. Thus, there is a relative lack of data regarding the nutritional requirements of the smaller indigenous birds. To address this need, a first step would be to compare performance of this type of chicken to the range of dietary formulations in current use and potentially different responses across breeds.
Dietary nutrient density is the most critical nutritional factor in commercial production, not only because it has a significant effect on growth performance, carcass quality, and health of broiler chickens, but also because it in turn affects the economics of broiler production (Scott, 2002; Sterling et al., 2005; Brickett et al., 2007) . Unprecedented increases in feed prices over the past several years have prompted the interest of producers in the feasibility of lowering the dietary nutrient level, especially that of CP and ME.
There has been extensive study of the effect of diets formulated with suboptimal concentrations of nutrients in modern, high-performing broilers, and these birds usually did not adapt well (Hidalgo et al., 2004; Waldroup et al., 2005; Kamran et al., 2008b) . There has been little comparable investigation using slowly growing birds, yet it has been suggested that they require less CP than do fast-growing broilers (Morris and Njuru, 1990 ) but the same lysine content (percentage in feed), regardless of growth rate Baker, 1991, 1993) . Slowly growing chickens are often more resilient to adverse environmental conditions (heat stress or high stocking density), metabolic disorders (sudden death or ascites), and leg problems and have lower mortality during the finishing period and less downgrading at slaughter than do fast-growing birds (Julian, 1998; Yunis et al., 2000; Scott, 2002; Fanatico et al., 2008) . Slower growing genotypes have a higher percentage of dark to white meat than do conventional broilers (Gordon and Charles, 2002; Fanatico et al., 2005) ; therefore, their muscle contains more red myofibers, which are less sensitive to suboptimal planes of nutrition (Tesseraud et al., 1996; Roy et al., 2006) . From the foregoing, we hypothesize that the influence of low-density diets on live performance and meat yield of chickens may be different in indigenous breeds.
Larger sized broilers grown for 7 or 8 wk have more time to respond to lower nutrient density by adjusting intake and perhaps metabolism; performance was not altered by decreasing dietary concentrations of ME when ME:CP was held constant (Bartov et al., 1974; Sizemore and Siegel, 1993) . Because conventional commercial broilers for the fast-food market are slaughtered 12 to 18 d earlier than those grown for deboning purposes, any adverse affects of limiting dietary ME and CP would likely be accentuated.
With recent increases in the cost of nutrients, efficiency of nutrient utilization and carcass composition are just as important as overall growth performance. In the present study, 2 important birds in Chinese production, a conventional line (Arbor Acres, AA) reared for 42 d and a typical native breed (Beijing-You, BJY) reared for 91 d, were assessed for growth and carcass composition when fed diets of low, medium, or high nutrient densities, with constant ME:CP. To expose the underlying causal mechanisms, some relevant metabolites were also measured in plasma.
MATERIALS AND METHODS

Birds and Management
Day-old male hatchlings, 216 each of AA (Dadongliu Broiler Company, Beijing, China) and BJY (Institute of Animal Science, Chinese Academy of Agricultural Sciences), were used. A completely randomized experimental design with a 2 × 3 factorial arrangement (breed and nutrient density), each with 6 replicates of 12 birds, was applied. Chickens were reared in an environmentally controlled room with 36 floor pens (0.80 m × 1.25 m). The brooding temperature was maintained at 35°C for the first 2 d, and then decreased gradually to 21°C (45% RH) until 28 d and was maintained thereafter. Artificial lighting was continuous. The whole experimental period was divided into 3 phases: starter (1 to 21 d), grower (22 to 35 d), and finisher (36 to 42 d for AA and 36 to 91 d for BJY). Chickens had free access to feed and water during the entire rearing period. The present study was approved by the institute and was carried out in accordance with the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China).
Experimental Diets
The feed ingredients used for the formulation of experimental diets were analyzed in triplicate for their DM (method number 930.15), CP (method number 988.05), ether extract (method number 920.39), crude fiber (method number 978.10; AOAC, 1990) , and amino acid contents (Beijing Zhongxu Yangguang Animal Husbandry Technology Development Co. Ltd., China). Three experimental diets with increasing nutrient densities [low protein and energy (LPE), (MPE), and (HPE)] were formulated for each growing phase with constant ME:CP ratios, which were 133, 150, and 170 in the starter, grower, and finisher phases (Table 1) . Starter diets contained 23, 21, and 19% CP with 3,059, 2,793, and 2,527 kcal/kg of ME; grower diets were 21, 19, and 17% CP with 3,150, 2,850, and 2,550 kcal/ kg of ME; and finisher diets had 19, 17, and 15% CP with 3,230, 2,890, and 2,550 kcal/kg of ME. In addition, contents of limiting amino acids like Lys and TSAA, relative to ME, were constant within diets for each phase. All diets were analyzed for CP, amino acid, Ca (method number 927.02), and P (method number 965.17; AOAC, 1990) and for phytate P by the method described by Latta and Eskin (1980) ; nonphytate P was obtained by difference.
Data Collection and Sampling
At the end of each phase, feed intake (FI) and BW gain (BWG) were recorded on a per-replicate basis, and feed conversion ratio (FCR) was calculated. Also calculated were protein efficiency ratio (PER, gain per gram of protein intake) and energy efficiency ratio (EER, gain × 100/total ME intake). In an attempt to normalize the data for breed difference, the final BW of experimental chickens was expressed as a percentage of those obtained in the HPE treatment for each breed.
Chickens entered the experiment at the same time but, because of the difference in growth rate, the time of slaughter for these 2 breeds differed. The AA broilers were slaughtered at 6 wk and the BJY chickens at 13 wk corresponding to the commercial slaughter ages. After a 12-h overnight fast, 3 randomly selected birds from each replicate were blood sampled (wing vein, heparinized syringe) then killed by exsanguination. Plasma, obtained by centrifugation at 400 × g for 10 min at 4°C, was stored at −20°C. The defeathered carcass (without head, paws, or giblets), heart, liver, abdominal fat, breast (both the pectoralis major and minor), and deboned thigh muscles were harvested and weighed individually then expressed as a percentage of BW. The whole breast and thigh muscle from one side was frozen at −20°C for further chemical evaluation.
Additional Measurements
The concentrations of plasma glucose (F006), triglyceride (TG, F001), uric acid (UA, C012), total protein (TP, A045), total free amino acids (TFAA, A026), and nonesterified fatty acids (NEFA, A042) were measured spectrophotometrically with commercial diagnostic kits (Jiancheng Bioengineering Institute, Nanjing, China), which have been successfully used in poultry study (Dong et al., 2007; Yuan et al., 2008) .
The contents of moisture, protein, and fat for breast and thigh muscles were analyzed as outlined by AOAC (1990) . To obtain total DM, a unilateral sample was ground, homogenized, predried (65°C, 12 h), and completely dried (105°C, 24 h). Subsequently, CP (microKjeldahl) and ether extract (Soxhlet) analyses were performed.
Statistical Analysis
All the data were subjected to a 2-way ANOVA model using an SAS software package (Version 8e, SAS Institute, 1998). The main effects of breed and dietary treatments as well as their interactions were assessed for all variables. Body weight, BWG, FI, FCR, PER, and EER were analyzed on a per-pen basis, whereas other parameters were analyzed for individual chickens. Contrast statements were utilized to test linear or quadratic effects of nutrient density on broiler responses. Means were considered significantly different when P < 0.05. 
RESULTS
Growth Responses
At 1 d, the BJY chickens were significantly lighter (32.1 g) than the AA broilers (43.9 g). As expected, the AA chickens slaughtered at 6 wk (1,966 g) were significantly heavier than the 13 wk BJY chickens (1,366 g). For both breeds, slaughter weights were decreased in birds fed the MPE and LPE diets, but when normalized for breed differences on the HPE diet (Table 2) , the effect of reduced nutrient density was much greater for AA broilers than for BJY.
In general terms, FI was 3 to 4 times higher in AA chickens than in the BJY and was progressively higher when nutrient density was reduced (HPE > MPE > LPE). The latter trend was more pronounced for AA chickens where FI was significantly different among each diet in all growing phases. For BJY chickens, the smaller differences in FI among diets were either not significant (starter phase) or only between HPE and LPE (grower and finisher phase) and only different for all 3 diets when the whole growing period was considered (Table 2) .
A significant interaction between breed and diets existed for BWG in the starter, finisher, and overall periods. During these periods, gain for AA chickens was HPE > MPE > LPE. However, the gains of BJY chickens were hardly influenced by nutritional density except during the overall period when HPE was significantly higher than LPE. Overall, gains were significantly higher when the HPE diets were fed (Table 2) .
There was a significant interaction between breed and the diets for FCR in the starter period. This interaction was due to the differences in FI and BWG that explained the significantly higher FCR with the LPE diet than with HPE and MPE diets for the AA chickens only. During all of the experimental periods, FCR was significantly lower for AA compared with BJY chickens. The concentrated diets significantly improved the FCR (HPE < MPE < LPE) except for the grower period when MPE and LPE diets seemed to be equal (Table 2) .
PER and EER
An interaction between breed and diets was found for the starter period. Protein and energy efficiency ratios were significantly lower with the LPE diet compared with HPE diet for AA chickens, whereas there were no significant differences among 3 diets for BJY chickens. Protein and energy efficiency ratios in all periods corresponded to the growth rate of the breeds (AA > BJY). A significantly higher PER or EER was observed with a higher nutrient density for finisher (HPE > LPE) and overall (HPE > MPE > LPE) periods but not during the starter and grower period (HPE = MPE = LPE; Table 3 ). 
The Yields of Carcass and Parts
Compared with BJY chickens, AA broilers had significantly higher carcass, breast, thigh, liver, and abdominal fat yields but lower heart percentages. No significant dietary effect was observed on any carcass variable. The interaction between breed and nutritional level was significant for liver percentage and abdominal fat content. In AA broilers, the relative sizes of these 2 organs were both increased by the LPE diet. In contrast, the abdominal fat accumulation was increased by the HPE diet in BJY, the reverse trend to that in AA chickens; liver yield in BJY was not affected by dietary treatments. There was a slight interaction (P = 0.081) for breast muscle yield with the highest yield in AA fed the HPE diet and highest yields in BJY fed the LPE diet (Table 4) .
Chemical Composition of the Meat
Fat contents of breast and thigh muscles were higher, and moisture and protein contents of the thigh muscle were lower in AA than in BJY chickens. A significant dietary effect was observed only on moisture content of breast muscle, in which the HPE diet increased DM accumulation. There were significant interactions between breed and diets for protein contents of the breast muscle and fat contents of the thigh muscle. In AA broilers, the protein contents of the breast muscle were reduced by the LPE diet, whereas the fat contents of the thigh muscle were increased as nutrient density decreased. In contrast, the protein content of breast muscle and fat contents of thigh muscle in BJY chickens were increased and reduced, respectively, by the LPE diet (Table 4) .
Plasma Metabolites
Plasma concentrations of TP, TFAA, UA, and NEFA were all significantly higher in AA broilers than in BJY chickens. A dietary effect was significant for UA, TG, NEFA, and glucose levels but only marginal for TP (P = 0.074) and TFAA levels (P = 0.088). With decreasing nutrient density, plasma levels of TG, NEFA, and glucose were increased, whereas UA was markedly reduced; TP and TFAA showed decreasing trends. There was a significant interaction between breed and diet for the plasma concentrations of UA, decreasing as nutrient density decreased in AA broilers but not in BJY chickens (Table 3) .
DISCUSSION
Growth Performance
In the present study, FI of AA broilers was significantly higher than that of BJY chickens (3-to 4-fold), indicating, in part, the beneficial effect of commercial selection. With the exception of the starter period for BJY chickens, FI increased with decreased nutrient density, supporting the prevailing viewpoint that FI in broilers is regulated on the basis of nutrient density (Nielsen, 2004) . The inability of very young BJY chickens to do so, in line with some previous data (Hidalgo et al., 2004; Kamran et al., 2008b) , may be partly explained by a physical constraint because of their smallness when trying to consume the low-density diets (Griffiths et al., 1977) . The higher sensitivity of young AA broilers to nutrient density may reflect the relatively long (21 d) starter period used here, together with a possible difference from young BJY chickens in their mechanism for controlling FI.
The rate of weight gain of AA broilers was nearly 4 times that of BJY chickens for all of the growth periods, whereas the maximum improvement from nutrient density was only 21.56% (in the finisher period). This result was consistent with previous works (Havenstein et al., 2003; Zhao et al., 2004) , indicating that the growth of broilers is mostly under genetic control. During all phases, daily weight gain of AA broilers was linearly related to nutrient density, but this response was only apparent for BJY when the longer finishing period (36 to 91 d) and entire duration were considered. These results may imply that BJY chickens have a lower nutrient requirement for maintenance and growth than do AA chickens, which is supported by some other research (Quentin et al., 2003; Rosa et al., 2007) .
Arbor Acres broilers had lower FCR than did BJY chickens in all of the growth phases, mainly reflecting differences in daily weight gain. Birds had increased consumption of the LPE diet, but this failed to offset their reduced growth and final weights, so FCR was adversely affected with decreased dietary nutrient density. During the starter period, differences between AA and BJY for FCR were enlarged by the dietary treatments. The HPE diet allowed AA broilers to attain the best FCR (1.39) compared with 1.97 in BJY, yet these values were drastically changed in AA (1.98, a 42% increase) but not in BJY (2.09, a 6% increase) with the LPE diet. This finding is very important because carry-over effects of early age nutrition on the overall performance are expected (Firman and Boling, 1998) . It shows that, at the stage of maximal relative growth, AA broilers have a better capacity to increase their gains in response to increased nutritional levels. Although genetic improvement allows for the superior efficiency (FCR) of young AA chickens provided with the HPE diet, they are clearly more vulnerable than the BJY to reduced nutrient availability.
The results of PER and EER suggested 2 distinct types of responses. On the one hand, there was a significant interaction between breed and diet before 3 wk of age for PER and EER, in which the largest differences between breeds occurred with the HPE diet, as was the case for FCR. On the other hand, PER and EER to 35 d were the same for all diets. Birds of both breeds fed the HPE diet had significantly lower FCR during this same period. This discrepancy implies that 1 HPE = high protein and energy diet; MPE = medium protein and energy diet; LPE = low protein and energy diet; PER = protein efficiency ratio, calculated as weight gain divided by protein intake; EER = energy efficiency ratio, calculated as weight gain × 100/total ME intake; TP = total protein; TFAA = total free amino acids; UA = uric acid; TG = triglyceride; NEFA = nonesterified fatty acids; GLU = glucose; NS = not significant (P > 0.05).
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Data are means of 6 replicates of 12 birds per pen.
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Values are means of 18 individuals of 3 birds per pen. DIETARY CONCENTRATIONS AND BROILER BREEDS the augmented feed consumption of suboptimal diets may conceal the reduced intake of CP and ME, which underlies the decreased BWG, especially in the early production cycle (Kamran et al., 2008a) .
Carcass Characteristics
The AA broilers showed higher carcass, breast, and thigh yields than did BJY chickens. These traits are of economic consequence, indicating the effect of genetic improvement on muscle deposition. Reduced development of the heart (% BW) might indicate that they are more sensitive to metabolic disorders, consistent with higher mortality levels associated with hypoxemia and ascites being noted in modern broilers (Olkowski et al., 2005) .
In terms of growth performance of both breeds, more than 200 g of higher weight at slaughter and a nearly 20% improvement in FCR were measured with HPE relative to LPE diets, whereas carcass composition was not affected significantly. This result, in support of previous findings (Kamran et al., 2008b) , shows that it is more difficult to modify carcass composition than to alter growth rate or efficiency (Acar et al., 1991; Quentin et al., 2003) .
The more rapid maturation of the AA resulted in their depositing more abdominal fat than did the BJY. Because the major site of lipogenesis is the liver, this may account, at least partially, for the hypertrophy of livers in modern broilers. Liver percentage was about 10% greater in AA birds here and, in this breed alone, increased as nutrient density decreased. Although abdominal fat percentage was the same (1.1%) for AA and BJY when fed the HPE diet, values were lower (0.8%) when BJY were fed less concentrated diets, yet these increased (1.3%, 1.4%) in AA on the same diets.
Carcass Chemical Composition
Consistent with the findings of others (Nowsad et al., 2000; Jaturasitha et al., 2008) , DM accumulation of skeletal muscles had tissue specificity because breast DM changed with diets, whereas that of thigh varied with breed. It can be presumed that there are underlying differences between the tissues in priorities for nutrient use, or partitioning.
Within each breed, differences in protein and energy metabolism were apparent across the diets. In the AA, decreasing nutrient density led to lower carcass protein, and higher fat content, both abdominal fat and that extractable from muscle, whereas the reverse trend was observed for BJY. For the AA, the availability from the LPE diet of essential amino acids, particularly Lys and Met, used exclusively for protein accretion (Si et al., 2001; Baker et al., 2002) , may be inadequate for their needs. In addition, the net energy of a low-protein diet will be higher than the conventional broiler diets (Emmans, 1994) . It seems that energy supply from the HPE diet was excessive for the BJY, accounting for its deposition as fat. Growth performance, considered together with the components of gain, changed toward the higher leanness in AA and fatness in BJY as nutrient density was increased.
When the effect of breed within each diet was analyzed, it was observed that fat deposition gradually diminished as nutrient density increased in the AA. Thus, percentage of protein was equal for both breeds fed with the HPE diet. These findings may corroborate the tendency of increasing dietary nutritional levels for modern broilers, which can improve the growth and carcass quality simultaneously (Fanatico et al., 2007) .
Intermediary Metabolism
Arbor Acres broilers had higher levels of protein metabolites than did BJY chickens, consistent with proportionately larger livers, because this organ produces most of the plasma proteins. In line with the previous work (Rosebrough et al., 1996; Collin et al., 2003; Swennen et al., 2005) , reduced plasma UA levels were observed in AA broilers with LPE diets because of a decrease in total CP intake. In BJY chickens, dietary nutritional modulation did not induce any differences in plasma UA levels, indicating less sensitivity to protein intake though increased plasma TFAA with MPE and HPE diets implied lower protein requirements.
The AA broilers had higher levels of plasma NEFA and higher fat deposition indicating an abundance of substrates for lipogenesis. In the LPE-challenged AA broilers, the food-derived lipid was very low. The augmented fat deposition and the elevated plasma lipids indicated enhanced de novo lipogenesis, again consistent with their greater liver weight. In this study, decreased nutrient density significantly increased feed consumption, which probably enhanced glucose production for LPE diet-fed chickens (Lorenz and Cornelius, 1993) . In addition, the LPE diet elevated circulating NEFA concentrations in both AA and BJY chickens, which would be expected to decrease insulin sensitivity (Boden et al., 1994) , thereby interfering with transport and utilization of glucose (Shulman, 2000) .
In conclusion, commercial broilers respond differently than do unimproved chickens to altered dietary nutrient density. The largest differences in performance and carcass traits between breeds were found when HPE and LPE diets were fed. On the basis of all measurements used here, the results suggest that the optimal diet for AA broilers is HPE, whereas that for BJY chickens is LPE. These recommendations require some qualification, owing to the possible confounding effect arising from age differences between the 2 breeds when they attain market size. In addition, because the cost and price per unit of product were not considered here, poultry producers may need to employ some economic feeding and management software to determine the diets for optimal profits.
